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Abstract

The evolution of herbicide-resistant weeds has resulted in the necessity to integrate nonchem-
ical control methods with chemicals for effective management in crop production systems. In
soybean, control of the pigweed species, particularly herbicide-resistant waterhemp and Palmer
amaranth, have become predominant concerns. Cereal rye planted as a winter cover crop can
effectively suppress early-season weed emergence in soybean, including waterhemp, when
planted at a rate of 123 kg ha−1. The objectives of this study were to determine the effects
of different cereal rye seeding rates (0, 34, 56, 79, 110, and 123 kg ha−1) on early-season water-
hemp suppression and soybean growth and yield. Soybean was planted into fall-seeded cereal
rye, which was terminated within 4 d of soybean planting. The experiment was conducted over
the 2018, 2019, and 2020 growing seasons in Columbia, Missouri. Effects of cereal rye on early-
season waterhemp suppression varied by year and were most consistent at 56 kg ha−1 or higher
seeding rates. Linear regression analysis of cereal rye biomass, height, or stand at soybean plant-
ing showed inverse relationships with waterhemp emergence. No adverse effects on soybean
growth or yield were observed at any of the cereal rye seeding rates relative to plots that lacked
cereal rye cover. Result differences among the years suggest that the successfulness of cereal rye
on suppression of early-season waterhemp emergence is likely influenced by the amount of
waterhemp seed present in the soil seed bank.

Introduction

Increased incidences of herbicide-resistant weed species and public concern over reducing
anthropogenic inputs in agriculture have generated renewed interests in incorporation of cover
crops in the United States row crop production systems (Hand et al. 2019; Wittwer 2017).
According to the 2017 National Agriculture Census data, cover crops were planted on 6.2 mil-
lion hectares, with highest adoption occurring in the mid-Atlantic region (Zuluaf and Brown
2019). Benefits of incorporating cover crops into a cash cropping system include prevention of
soil erosion and nutrient leaching; increases in soil microbial abundance, activity, and diversity;
carbon sequestration; and weed suppression (Cornelius and Bradley 2017; Kim et al. 2020;
Poeplau and Don 2015; Thapa et al. 2018). Because of these ecological benefits the U.S.
Department of Agriculture–Natural Resources Conservation Service (USDA-NRCS) offers
multiple incentive programs for producers to plant cover crops (USDA-NRCS 2018).

Cover crops can suppress weed growth through physical and chemical means. The generated
biomass can create mat-like physical barriers, which obstruct the growth of emerging seedlings
(Teasdale and Moehler 2000). Certain cover crops, such as cereal rye (Secale cereale), can exude
chemicals that have allelopathic effects and inhibit germination of specific weed species (Barnes
and Putnam 1986; Burgos et al. 1999).

Cash crop production losses are estimated to be as high as $33 billion annually due to weed
interference (Pimentel et al. 2005). Herbicide-resistance incidences continue to increase and
reduce viable chemical options for weed control. In soybean production systems, control of
the pigweed species, particularly waterhemp and Palmer amaranth, have become predominant
concerns. A waterhemp population in Missouri was confirmed resistant to six herbicide sites of
action (SOAs Shergill et al. 2018). More recently in Illinois, a waterhemp population was con-
firmed to be resistant to five herbicide SOAs, including the synthetic auxin herbicide 2,4-D, to
which the waterhemp population had not been exposed (Evans et al. 2019). A Palmer amaranth
population from Kansas was also recently confirmed to have resistance to five SOAs (Kumar
et al. 2019). Prior to 2020, incidences of Palmer amaranth or waterhemp evolving resistance
was mostly limited to POST herbicides. However, in 2020, two waterhemp populations
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resistance to S-metolachlor were confirmed (Strom et al. 2020). S-
metolachlor is categorized by theWeed Science Society of America
as a Group 15 herbicide that provides residual activity and prevents
or delays emergence of waterhemp.

Cereal rye has been shown to effectively suppress early-season
weed emergence in cash crops, especially small-seeded broadleaf
weeds such as waterhemp and Palmer amaranth, which depend
on light for germination (Cornelius and Bradley 2017; Hand
et al. 2019; Teasdale 1996). Cornelius and Bradley (2017) found
that out of nine cover crop species or mixes tested, cereal rye
was the only fall-seeded cover crop to suppress early-season water-
hemp emergence in soybean in Missouri at a comparable level to a
PRE residual herbicide program. Hand et al. (2019) found that
roller crimped cereal rye could suppress early-season Palmer ama-
ranth emergence in cotton (Gossypium hirsutum L.) to similar lev-
els as a thorough broadcast herbicide program in Georgia. More
recently, Schramski et al. (2020a) found that in Michigan, planting
a cash crop directly into nonterminated (green) cereal rye and win-
ter wheat [Triticum aestivum L.] reduced early-season glyphosate-
resistant horseweed [Conyza canadensis (L.) Cronq.] biomass
more consistently than when the winter cereal cover crop was ter-
minated prior to planting. The plots that were planted into non-
terminated cover crops also resulted in 46% to 93% more
glyphosate-resistant horseweed control than plots with no cover
crop (Schramski et al. 2020a). These results indicate that producers
can use cereal rye as a nonchemical option to integrate into the
weed management system for early-season suppression of summer
annual weeds in row crop production systems.

One caveat of the weed suppression research is that producers
must use specific cover crop seeding rates to qualify for USDA-
NRCS incentive programs. These seeding rates vary across climate
and state (USDA-NRCS 2012, 2018). In the previously-mentioned
studies on weed control with cereal rye, Cornelius and Bradley
(2017) seeded cereal rye at 123 kg ha−1; Hand et al. (2019) seeded
at 100 kg ha−1; and Schramski et al. (2020a,b) seeded at 67 kg ha−1.
Approved USDA-NRCS seeding rates for drilled or broadcasting
cereal rye in Missouri are 44.8 kg ha−1 and 56.0 kg ha−1, respec-
tively, whereas rates in Georgia are less specific, ranging from
62 to 126 kg ha−1 (USDA-NRCS 2015). Recommended rates in
Michigan are 31.3 to 125.5 kg ha−1 (USDA-NRCS-MICH 2013).
Therefore, research is needed to determine effect of cereal rye seed-
ing rate on weed suppression and soybean yield.

The objectives of this study were to 1) characterize waterhemp
emergence and soybean growth and yield across multiple cereal rye
seeding rates when soybean was planted into a nonterminated, liv-
ing stand of cereal rye; 2) identify optimal cereal rye seeding rate(s)
to maximize waterhemp suppression in a plant-green system; and
3) quantify relationships between cereal rye biomass and water-
hemp emergence.

Materials and Methods

Site Location and Design Description

Field experiments were conducted in 2018, 2019, and 2020 at the
University of Missouri Bradford Research Center near Columbia,
MO. Cereal rye was planted in rows spaced 19 cm apart at a depth
of 1.9 cm and at rates of 0, 34, 56, 78, 110, and 123 kg ha−1 on
October 26, 2017; October 25, 2018; and November 5, 2019.
Experimental design for the cereal rye seeding rate treatments
was a randomized complete block. Individual plots were 3 × 27
m, and each seeding rate was replicated six times per experiment.

Different experimental sites were selected each year at the research
center; therefore, pH and organic matter varied slightly by year.
Soil pH was 6.3 and organic matter 2.5% at the 2017 planting site;
5.5 and 2.2%, respectively, at the 2018 site; and 5.7 and 2.3%,
respectively, at the 2019 site. Soybeans were planted at 407,000
seeds ha−1 in 76-cm rows and at a depth of 1.9 cm on May 16,
2018; May 17, 2019; and May 25, 2020. Prior to soybean planting,
bareground plots were treated with 1.27 kg ha−1 glyphosate.
Following soybean planting, the cereal rye was terminated with
1.27 kg ha−1 glyphosate on May 17, 2018; May 20, 2019; and
May 29, 2020. Bareground plots were also treated at cereal rye ter-
mination. No additional weed control measures were taken during
the course of the study.

Data Collection and Analysis

Cereal rye stand, height, and stage were recorded at soybean plant-
ing. Cereal rye stages were recorded using the Zadoks growth scale
at soybean planting in 2019 and 2020 (Zadoks et al. 1974). Cereal
rye biomass was measured by harvesting the aboveground tissues
using two 0.33 m−2 quadrats per plot and recording fresh weights.
Soybean stand and height were evaluated 14 d after planting
(DAP). Stand was measured in 1 m of row, and the average height
of those plants was recorded. Waterhemp control was assessed by
visual ratings of emergence 28 DAP on a percentage scale with 0%
meaning emergence equal to plots that lacked cover crop and 100%
meaning no waterhemp emergence. Waterhemp density was mea-
sured at 14, 28, and 42 DAP by counting plants. Two counts were
conducted in each plot using 0.5 m−2 (2018 and 2020) or 0.33 m−2

(2019) quadrats. After each count, waterhemp seedlings that were
not pulled at the time of counting were controlled by an application
of glufosinate over the entire plot so that only newly emerged weeds
were recorded at each count interval. Air temperature and precipita-
tion data referenced in the Results and Discussion (Table 1) were
retrieved from the University of Missouri Historical Agricultural
Weather Database (http://agebb.missouri.edu/weather/history/
index.asp). Growing degree days for cereal rye were calculated
using a base temperature of 4.4 C (Schramski et al. 2020b).

Data were subjected to analysis using SAS version 9.4 (SAS
Institute, Cary, NC). The UNIVARIATE procedure was used to
test for normal distribution. Data were log or square root trans-
formed, depending on which transformation resulted in normali-
zation. Data were then subjected to the GLIMMIX procedure to
determine differences among least squares means. Dependent var-
iables were cumulative waterhemp emergence for 14, 28, and 42
DAP; waterhemp ratings 28 DAP; soybean stand and height 14
DAP; cereal rye stand; height and biomass at soybean planting;
and soybean yield at harvest. Cereal rye seeding rate, year, and their
interactions were considered fixed effects. Individual treatment
differences were separated using Fisher’s protected LSD test at
P < 0.05. The REG procedure in SAS was used to generate regres-
sion models with waterhemp emergence as the dependent variable
and cereal rye biomass as the independent variable. Data were
graphed using R software version 3.5.2 “Eggshell Igloo” (R Core
Team 2020).

Results and Discussion

Cereal Rye Growth and Biomass

There was an interaction between cereal rye seeding rate and cereal
rye stand (Figure 1A). For the lowest seeding rate of 34 kg ha−1,
there were 49 cereal rye plants per square meter. At the highest
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seeding rate of 123 kg ha−1, stands were 71 plants per square meter,
and this was similar to seeding rates of 78 and 101 kg ha−1,
respectively.

An interaction was observed between cereal rye seeding rate
and height. Cereal rye seeded at the lowest rate of 34 kg ha−1 cor-
responded to the shortest plants, which were 103 cm at soybean
planting. The highest cereal rye seeding rate of 123 kg ha−1 cor-
responded to the tallest plants at 114 cm. Cereal rye seeded at

78 and 101 kg ha−1 had heights similar to the highest seeding
rate of 123 kg ha−1 (Figure 1B). Observed height differences
are likely due to competition among cereal rye plants growing
in the higher seeding rate plots, which grew in closer proximity
than those at lower seeding rates.

There was an interaction between cereal rye seeding rate and
cereal rye maturity at soybean planting, although differences between
treatments were subtle. The Zadoks stage was 60 (flowering) for the

Table 1. Monthly and 10-yr average precipitation and air temperatures at the research location.

Precipitationa Average air temperature

2018 2019 2020 10-yr average 2018 2019 2020 10-yr average

————————————mm———————————— —————————————C————————————

Fall and winterb 127 254 231 192 1.4 0.5 1.4 1.4
March 147 93 134 72 -4.8 3.8 8.0 6.9
April 10 101 107 125 8.3 12.9 10.5 12.7
Mayc 71 113 89 108 21.9 17.3 15.8 18.1
June 114 154 156 98 24.5 21.5 22.9 23.4
July 64 96 94 94 24.3 24.3 24.8 25.0

aMissouri Automated Weather Network (mesonet.missouri.edu).
bWeather data collected from fall planting of cereal rye cover crop through the end of February.
cWaterhemp emergence was counted from 14 DAP (days after soybean planting) on May 16, 2018; May 17, 2019; and May 25, 2020, respectively, to 42 DAP.
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Figure 1. Influence of cereal rye seeding rates on cereal rye stand counts (A), height (B), and biomass at time of soybean planting (C). Significance valueswere P< 0.01,<0.01, and
0.22, respectively. Data summarized across years (2018, 2019, 2020) in Columbia, MO.
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highest cereal rye seeding rates (101 and 123 kg ha−1) and 59 (ear
emergence complete) for the lowest cereal rye seeding rates (34
and 56 kg ha−1; data not shown). Differences were also observed
between years. Cereal rye maturity at planting in 2019 was slightly
delayed relative to cereal rye in 2020 at Zadoks stages of 59 and
60, respectively (data not shown).

No interaction was observed between cereal rye seeding rate
and cereal rye biomass at soybean planting (Figure 1C). Biomass
ranged from 16,339 kg ha−1 at the seeding rate of 34 kg ha−1 to
18,557 kg ha−1 at the seeding rate of 56 kg ha−1. Similar results have
been found in fall-seeded rye in Georgia, Illinois, Maryland, and
Pennsylvania (Webster et al. 2016; Masiunas et al. 1995; Ryan
et al. 2011.) The ability of cereal rye to establish tillers likely allows
for more horizontal expansion of cereal rye plants at lower seeding
rates compared with those planted at higher seeding rates.

Differences were observed in cereal rye stand, height, and bio-
mass accumulation each year (Table 2). More biomass was pro-
duced in 2020 (20,410 kg ha−1) than in 2018 (15,386 kg ha−1)
and 2019 (14,008 kg ha−1). Cereal rye planting occurred on dates
that were within the same week each year. However, soybean was
planted 1 wk later in 2020, and this resulted in more cumulative
growing degree days (2,732) compared with 2018 and 2019
(2,702 and 2,512 respectively). Precipitation is known to influence
biomass accumulation; however, an obvious trend was not
observed between cumulative precipitation and cereal rye biomass
(Tables 1 and 2).

Collectively, these results indicate that in fall-planted cereal rye
in Missouri, seeding rate does not necessarily affect the total
amount of biomass produced, similar to results reported by
Webster et al (2016); Masiunas et al. (1995) and Ryan et al
(2011). In this study, cereal rye was terminated after soybean plant-
ing. It is possible there would be an effect of seeding rate on bio-
mass if the cereal rye cover had been terminated in the weeks prior
to cash crop planting.

Soybean Growth and Yield

There was no interaction between cereal rye seeding rate and soy-
bean stand 14 DAP (Figure 2A). Soybean per meter of soybean row
ranged from 20 to 22 plants across treatments, regardless of
whether the cereal rye cover crop was present or absent and regard-
less of seeding rate. These findings are consistent with previous
research that documented a lack of relationship between cereal
rye biomass and soybean stand (Nord et al. 2011).

Soybean height at 14 DAP was shorter in non-cover crop plots
than in plots seeded with cereal rye (Figure 2B). Soybean height in
plots with cereal rye cover were similar regardless of the seeding
rate, and even in 2020 when the most cereal rye biomass was

accumulated (Tables 2 and 3). Soybean plants in plots that lacked
cereal rye cover were approximately 10.5 cm in height. The range of
heights in cereal-rye-seeded plots was 12.2 to 12.9 cm. The increase
in height is likely due in part to a soybean plant’s need for sunlight
and the necessity to grow above the cereal rye biomass to reach
sunlight.

Soybean yield was lowest in plots that lacked cover
(3,120 kg ha−1), likely due to competition with weeds for limited
resources (Van Acker et al. 1993). Yields were similar in plots
that had cereal rye cover, regardless of seeding rate, and yield
ranged from 3,420 kg ha−1 to 3,660 kg ha−1 (Figure 2C).

Interactions were observed between year and soybean stand and
year and soybean yield (Table 2). Soybean stand and yield were
both lowest in 2018 (Table 2). Soybean yields in 2019 and 2020
were similar to each other at 3,720 and 3,660 kg ha−1, respectively.
The differences observed are likely in part due to differences in
stand count as well as total precipitation over the growing season.
In 2018, when soybean yield was lowest, cumulative precipitation
from May to September was 363 mm. Cumulative precipitation
from May to September in 2019 and 2020 was 529 mm and 548
mm, respectively.

Early-Season Waterhemp Emergence

Previous research indicated that cereal rye planted at 123 kg ha−1

could suppress early-season waterhemp emergence (Cornelius and
Bradley 2017; Whalen et al. 2019). In this study, waterhemp emer-
gence varied substantially based on site and year as can be observed
in the differences in waterhemp densities across the no cover plots
(Table 4). In 2018, waterhemp emergence was delayed in all plots,
including the no-cover plot 14 DAP (Table 4). However, sufficient
waterhemp had emerged by 28 DAP to observe the effects of cereal
rye seeding rate on waterhemp emergence.Waterhemp densities in
plots that lacked cover were similar to densities in plots with cereal
rye seeded at 34 kg ha−1 (Table 4). All other cereal rye seeding rates
resulted in lower waterhemp emergence compared to plots lacking
cereal rye. By 48 DAP, similar cumulative waterhemp emergence
was observed across all plots. The low densities of waterhemp at
14 DAP in 2018 were likely due in part to lower densities of weed
seed in the soil seed bank at the 2018 site compared with 2019 and
2020 based on the total waterhemp emergence in the no-cover
plots (Table 4). Precipitation also likely contributed to the delayed
emergence. The spring of 2018 had 152 mm less precipitation than
the 10-yr average (Table 1), whereas air temperatures were warmer
than the 10-yr average.

In 2020, differences in waterhemp emergence were observed at
14, 28, and 42 DAP (Table 4). Densities were highest in no-cover
plots with 240, 385, and 396 total emerged seedlings m−2 at 14, 28,

Table 2. Cereal rye and soybean stand, heights, and yield averaged over cereal rye seeding rates.

Cereal ryea Soybeanb

Year Standc Height Biomass Stand Height Yield

plants m−2 cm kg ha−1 per m row cm kg ha−1

2018 76 a 76 c 15,390 b 19 c 12 3,110 b
2019 48 c 107 b 14,010 c 20 b 13 3,720 a
2020 64 b 143 a 20,410 a 22 a 12 3,660 a
P-value <0.01 <0.01 <0.001 <0.01 0.05 <0.01

aCereal rye was seeded at rates of 0, 34, 56, 78, 101, and 123 kg ha−1 at the end of October or early November of 2017, 2018, and 2019 in Columbia, Missouri.
bSoybean were planted into non-terminated green cereal rye in May of each year.
cMeasurements were taken at soybean planting. Means within a column followed by the same letter are not significantly different.
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and 42 DAP, respectively. Cereal rye seeding rates greater than 34
kg ha−1 weremost consistent in suppressing waterhemp emergence
when compared to the no-cover plots at 28 DAP in 2018 and 14
DAP in 2020.

Waterhemp densities in 2019 were much higher than in 2018 or
2020, and there was no effect of cereal rye cover crop on water-
hemp emergence (Table 4). These results from 2019 are not the
first documentation of a lack of cereal rye effect on waterhemp
emergence (Anderson 2014). In a study in Iowa, waterhemp was
seeded at a rate of 5,500 per 0.25 m−2 over cereal rye seeded at dif-
ferent rates and dates. Total waterhemp emergence was similar
between treatments that had 0% cereal rye ground cover and
72% cereal rye ground cover (Anderson 2014). Accumulated cereal
rye biomass in that study was much less than in our study; how-
ever, waterhemp densities were more comparable with approxi-
mately 6% of the 5,500 seed per 0.25 m−2 germinating. In this
current study, the number of weed seeds that emerged in 2019
when compared with 2018 and 2020 is likely due to the higher
number of waterhemp plants that produced seeds in the previous
fall. Collectively, the differences observed between site-years in this
study underscore the importance of considering the soil weed seed
bank. There may be a threshold of waterhemp seed density for
which cereal rye biomass cannot compensate.

Visual ratings of waterhemp suppression were recorded 28
DAP each year (Table 5). Unlike the weed counts, which were
cumulative and conducted in small areas within the plots, the vis-
ual ratings considered the entire plots and served as an evaluation
of emergence between 14 and 28 DAP given that waterhemp were
treated with glufosinate following the 14 DAP counts. An interac-
tion was observed between seeding rate and year (Table 5). In gen-
eral, higher seeding rates corresponded with higher control of
waterhemp. However, visual ratings were much lower in 2019
and likely due to the density of waterhemp present.

To identify relationships between cumulative waterhemp emer-
gence and cereal rye, linear regression models were generated. The
best-fit models were generated with all years combined as well as
for the 2020 data alone, because cereal rye had the most effect on
waterhemp emergence in that year (Table 4). Models for the effects
of cereal rye biomass, stand count, and height on waterhemp emer-
gence are presented in Table 6. When all years are combined, the
relationships were significant; however, the R2 values were low. For
each unit increase in cereal rye biomass, stand, or height there was
a one unit decrease in waterhemp density with R2 values of 0.11,
0.14, and 0.04, respectively. When only the 2020 data were used,
the relationships remained similar. As cereal rye biomass, stand,
or height increased by one unit, waterhemp densities decreased
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by one unit. However, the R2 values were much higher at 0.46, 0.47,
and 0.56, respectively.

The regression analyses were limited in that there was no bio-
mass to analyze between 0 and ˜15,000 kg ha−1. The inverse linear
relationship between cereal rye biomass and early-season water-
hemp emergence is likely to strengthen in studies with a broader
range of biomasses. The inverse relationship between cereal rye
height and waterhemp densities and stand and waterhemp den-
sities may exist due to the amount of soil surface area covered
by taller plants or a more densely planted stand.

Conclusions

Soybean in cereal rye plots were slightly taller 14 DAP compared
with the no-cover controls, but no adverse effects on soybean stand
or yield were identified in this study. Reductions in waterhemp
emergence in this study were most consistent when cereal rye
was planted at rates of 56 kg ha−1 or higher compared with the
no-cover plots. However, the ability of cereal rye to suppress water-
hemp emergence varied by year. Cereal rye did not affect water-
hemp emergence in 2019 when waterhemp densities were
greater than 700 plants m−2.

Table 4. Effects of cereal rye seeding rates and year on cumulative waterhemp emergence 14, 28, and 42 d after planting.

14 DAPa 28 DAP 42 DAP

Seeding rate 2018b 2019 2020 2018 2019 2020 2018 2019 2020

kg ha−1 ————————————————————————————plant m−2
——————————————————————————

0 0 726 240 a 39 a 927 385 a 54 982 396 a
34 0 825 12 b 21 ab 1096 54 b 48 1126 54 b
56 1 961 2 c 12 b 1288 50 b 47 1317 50 b
78 0 769 3 bc 6 b 1055 63 b 33 1105 63 b
101 0 776 2 bc 10 b 1164 49 b 34 1189 49 b
123 0 979 1 c 11 b 1412 56 b 42 1441 57 b
P-value NS NS <0.01 <0.01 NS <0.01 NS NS <0.01

aData is cumulative from 0 to 14 DAP; 0 to 28 DAP; and 0 to 42 DAP, respectively.
bMeans within a column followed by the same letter are not significantly different.
cAbbreviation: DAP, days after planting.

Table 5. Effects of cereal rye seeding rate and year on waterhemp control 28 d
after planting.

Waterhemp control 28 DAPac

Seeding rate 2018b 2019 2020

kg ha−1 ——————————%——————————

0 1.4 i 1.5 i 1.4 i
34 38 e 11 h 83 b
56 53 d 15 gh 86 ab
78 55 d 16 f-h 89 ab
101 59 d 21 fg 91 a
123 70 c 23 f 87 ab
P-value <0.01

aData presented as percent suppression.
bMeans followed by the same letter are not significantly different.
cAbbreviation: DAP, days after planting.

Table 3. Effects of cereal rye seeding rate and year on soybean height 14 d after soybean planting.

Soybean height 14 DAPa

Seeding rate 2018b 2019 2020

kg ha−1 ————————————————cm—————————————————

0 8.9 e 11.9 a-d 10.8 d
34 12.4 a-c 13.1 ab 12.5 a-c
56 11.9 b-d 13.3 a 11.9 b-d
78 12.5 a-c 11.7 cd 12.9 a-c
101 12.5 a-c 12.6 a-c 12.6 a-c
123 13.2 ab 12.9 a-c 12.5 a-c
P-value <0.01

aAbbreviation: DAP,days after planting.
bMeans followed by the same letter are not significantly different.

Table 6. Regression models describing the relationship between cereal rye
biomass, stand count, and height at soybean planting and waterhemp
emergence for 42 d after soybean planting.

Yeara
Independent
variable

Regression
model R2 P-value

All years
combined

Biomass y=442 – 1x 0.11 <0.01

Stand count y=482 – 1x 0.14 <0.01
Height y=192 -1x 0.04 <0.01

2020 Biomass y=273 – 1x 0.46 <0.01
Stand count y=284 – 1x 0.47 <0.01
Height y=371 – 1x 0.56 <0.01

aModels developed using only 2018 data or 2019 data were not significant and omitted from
the table for reader ease. Data from combined years is presented for comparison to the
models generated in 2020.
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Collectively, these findings suggest that Missouri producers
who plant cereal rye for early-season summer weed suppression
should consider using seeding rates of 56 kg ha−1 or higher tomaxi-
mize the effects of cereal rye biomass on early-season waterhemp
suppression. Producers should also have knowledge of the weed
seedbank in a field and recognize that fall-seeded cereal rye is
not a stand-alone weed control tactic. Recognizing these points
are essential for successful use of cereal rye as one tactic in an inte-
grated weed management approach.

Acknowledgments. This work was funded by support from the Missouri
Soybean Merchandising Council contract 436-21. No conflicts of interests have
been declared.

References

Anderson M (2014) Pages 17–21 in Interactions between cover crops and weed
management in Iowa’s conventional cropping systems. Master of Science
thesis. Ames, IA; Iowa State University

Barnes JP, PutnamAR (1986) Evidence for allelopathy by residues and aqueous
extracts of rye (Secale cereale L.). Weed Sci 34:384−390

Burgos NR, Talbert RE, Mattice JD (1999) Cultivar and age differences in the
production of allelochemicals by Secale cereale. Weed Sci 47:481−485

Cornelius CD, Bradley KW (2017) Influence of various cover crop species on
winter and summer annual weed emergence in soybean. Weed Technol
31:503−513

Evans CM, Strom SA, Reichers DE, Davis AS, Tranel PJ, Hager AG (2019)
Characterization of a waterhemp (Amaranthus tuberculatus) population
from Illinois resistant to herbicides from five site-of-action groups. Weed
Technol 33:400−410

Hand LC, Nichols RL,Webster TM, Culpepper AS (2019) Cereal rye cover crop
and herbicide application method affect cotton stand, Palmer amaranth
(Amaranthus palmeri) control, and cotton yield. Weed Technol 33:794−799

Kim N, Zabaloy MC, Guan K, Villamil MB (2020) Do cover crops benefit soil
microbiome? A meta-analysis of current research. Soil Biol Biochem
142:107701

Kumar V, Liu R, Boyer G, Stahlman P (2019) Confirmation of 2,4-D resistance
and identification of multiple resistance in a Kansas Palmer amaranth
(Amaranthus palmeri) population. Pest Manag Sci 75:2925−2933

Masiunas J, Weston L, Weller S (1995) The impact of rye cover crops on weed
populations in a tomato cropping system. Weed Sci 43:318−323

Nord EA, Curran WS, Mortensen DA, Mirsky SB, Jones BP (2011) Integrating
multiple tactics for managing weeds in high residue no-till soybean. Agron J
103:1542−1551

Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and
economic costs associated with alien-invasive species in the United States.
Ecol Econ 52:273–288

Poeplau C, Don A (2015) Carbon sequestration in agricultural soils via cultiva-
tion of cover crops-a meta-analysis. Agr Ecosyst Environ 200:33−41

R Core Team (2020). R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing

Ryan M, CurranW, Grantham A, Hunsberger L, Mirsky S, Mortensen D, Nord
E, Wilson D (2011) Effects of seeding rate and poultry litter on weed sup-
pression from a rolled cereal rye cover crop. Weed Sci 59:438−444

Schramski JA, Sprague CL, Renner KA (2020a) Effects of fall-planted cereal
cover crop termination on glyphosate-resistant horseweed suppression.
Weed Technol 35:223–233

Schramski JA, Sprague CL, Renner KA (2020b) Integrating fall-planted
cereal rye cover crops and preplant herbicides for glyphosate-resistant
horseweed (Conyza canadensis) management in soybean. Weed Technol
35:234–241

Shergill LS, Barlow BB, Bish MD, Bradley KW (2018) Investigations of 2,4-D
and multiple herbicide resistance in a Missouri waterhemp (Amaranthus
tuberculatus) population. Weed Sci 66:386−394

Strom SA, Hager AG, Seiter NJ, Davis AS, Riechers DE (2020) Metabolic resis-
tance to S-metolachlor in two waterhemp (Amaranthus tuberculatus) pop-
ulations from Illinois, USA. Pest Manag Sci 76:3139−3148

Thapa R, Mirsky SB, Tully KL (2018) Cover crops reduce nitrate leaching in
agroecosystems: a global meta-analysis. J Environ Qual 47:1400−1411

Teasdale JR (1996) Contribution of cover crops to weedmanagement in sustain-
able agricultural systems. J Prod Agric 9:431−479

Teasdale JR, Moehler CL (2000) The quantitative relationship between weed
emergence and the physical properties of mulch. Weed Sci 48:385−392

[USDA-NRCS] (2018) EQIP 2019 Cover Crop. file:///Users/bishm/Downloads/
EQIP_Policy_Cover_Crop_2019_10232018.pdf Accessed: September 3,
2020

[USDA-NRCS] (2015) Georgia Cover Crop (Code 340) Standard Appendix I –
Planting Annual Cover Crops by Region. https://efotg.sc.egov.usda.
gov/references/public/GA/Cover_Crop_(340)_Appendix_1_Planting_
Annual_Cover_Crops_Oct_2015.pdf Accessed: September 16, 2020

[USDA-NRCS] (2012) Cereal Rye. Plant Guide. https://plants.usda.gov/
plantguide/pdf/pg_sece.pdf Accessed: September 3, 2020

[USDA-NRCS-MICH] (2013) Cover Crop (Ac.) 340. Technical Guide
Notice 256. https://conservationgateway.org/ConservationByGeography/
NorthAmerica/UnitedStates/michigan/projects/Documents/Cover_Crop_
(AC)_(340)_1-2014.pdf Accessed: September 21, 2020

VanAcker RC, Swanton CJ,Weise SF (1993) The critical period of weed control
in soybean (Glycine max (L.) Merr. Weed Sci 41:194−200

Webster TM, Simmon DB, Culpepper AS, Grey TL, Briges DC, Scully BT
(2016) Factors affecting potential for Palmer amaranth (Amaranthus pal-
meri) suppression by winter rye in Georgia, USA. Field Crops Res 192:
103−109

WhalenDM, Shergill LS, Kinne LP, BishMD, Bradley KW (2019) Integration of
residual herbicides with cover crop termination in soybean. Weed Technol
34:11−18

Wittwer RA, Dorn B, Jossi W, van der HeijdenMG (2017) Cover crops support
ecological intensification of arable cropping systems. Sci Rep 7:41911

Zadoks JC, Chang TT, Konzak CF (1974) A decimal code for the growth stage of
cereals. Weed Res 14:415−421

Zulauf C, Brown B (2019) Cover Crops, 2017 US Census of Agriculture. Farmdoc
daily (9):135, Department of Agricultural and Consumer Economics, University
of Illinois at Urbana-Champaign https://farmdocdaily.illinois.edu/2019/07/
cover-crops-2017-us-census-of-agriculture.html Accessed: September 16, 2020

844 Bish et al.: Cereal Rye Seeding Rate

https://doi.org/10.1017/wet.2021.28 Published online by Cambridge University Press

https://efotg.sc.egov.usda.gov/references/public/GA/Cover_Crop_(340)_Appendix_1_Planting_Annual_Cover_Crops_Oct_2015.pdf
https://efotg.sc.egov.usda.gov/references/public/GA/Cover_Crop_(340)_Appendix_1_Planting_Annual_Cover_Crops_Oct_2015.pdf
https://efotg.sc.egov.usda.gov/references/public/GA/Cover_Crop_(340)_Appendix_1_Planting_Annual_Cover_Crops_Oct_2015.pdf
https://plants.usda.gov/plantguide/pdf/pg_sece.pdf
https://plants.usda.gov/plantguide/pdf/pg_sece.pdf
https://conservationgateway.org/ConservationByGeography/NorthAmerica/UnitedStates/michigan/projects/Documents/Cover_Crop_(AC)_(340)_1-2014.pdf
https://conservationgateway.org/ConservationByGeography/NorthAmerica/UnitedStates/michigan/projects/Documents/Cover_Crop_(AC)_(340)_1-2014.pdf
https://conservationgateway.org/ConservationByGeography/NorthAmerica/UnitedStates/michigan/projects/Documents/Cover_Crop_(AC)_(340)_1-2014.pdf
https://farmdocdaily.illinois.edu/2019/07/cover-crops-2017-us-census-of-agriculture.html
https://farmdocdaily.illinois.edu/2019/07/cover-crops-2017-us-census-of-agriculture.html
https://doi.org/10.1017/wet.2021.28

	Effects of cereal rye seeding rate on waterhemp (Amaranthus tuberculatus) emergence and soybean growth and yield
	Introduction
	Materials and Methods
	Site Location and Design Description
	Data Collection and Analysis

	Results and Discussion
	Cereal Rye Growth and Biomass
	Soybean Growth and Yield
	Early-Season Waterhemp Emergence
	Conclusions

	References


